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1. INTRODUCTION {#myc13034-sec-0006}
===============

Tinea pedis, one of the most common skin diseases worldwide, is a superficial dermatomycosis that occurs secondary to infection by dermatophytes.[1](#myc13034-bib-0001){ref-type="ref"}, [2](#myc13034-bib-0002){ref-type="ref"}, [3](#myc13034-bib-0003){ref-type="ref"} An inflammatory response induced by the dermatophyte is often observed at the infection site in patients with tinea pedis. This response is thought to be an irritant dermatitis caused by inflammatory mediators produced by epidermal keratinocytes and leucocytes that reacted to proteases and fungal components such as β‐glucan.[4](#myc13034-bib-0004){ref-type="ref"}, [5](#myc13034-bib-0005){ref-type="ref"}, [6](#myc13034-bib-0006){ref-type="ref"}, [7](#myc13034-bib-0007){ref-type="ref"} Indeed, histological examination of the skin of patients with dermatophyte infection reveals infiltration of neutrophils and lymphocytes at the infection site.[8](#myc13034-bib-0008){ref-type="ref"}

12‐*O*‐Tetradecanoylphorbol‐13‐acetate (TPA) stimulates the activation of a wide variety of intracellular pathways through activation of protein kinase C, mitogen‐activated protein kinases (MAPKs) and nuclear factor‐κB (NF‐κB) followed by the generation of inflammatory mediators including tumour necrosis factor‐α, interleukin (IL)‐1β, keratinocyte‐derived chemokine (KC), macrophage inflammatory protein (MIP)‐2 and prostaglandins.[9](#myc13034-bib-0009){ref-type="ref"} Moreover, TPA has been shown to induce a variety of histological changes in mouse (BALB/c) skin, including neutrophil infiltration in both the epidermis and dermis and epidermal hyperplasia.[10](#myc13034-bib-0010){ref-type="ref"}, [11](#myc13034-bib-0011){ref-type="ref"} In patients with tinea pedis, β‐glucan (a component of the dermatophyte cell wall) reportedly binds to the host cell surface receptor dectin‐1 and subsequently evokes the production of inflammatory mediators through activation of protein kinase C, MAPK and NF‐κB inside the host cells.[12](#myc13034-bib-0012){ref-type="ref"} Infiltration of inflammatory cells, mainly neutrophils, is also observed in the histological examination of skin affected by tinea pedis. These observations suggest that there are similarities in the intracellular mechanism between the inflammatory reaction in tinea pedis and TPA‐induced inflammation.

Lanoconazole (LCZ) is an imidazole antifungal agent having potent in vitro antifungal activity against clinical dermatophyte isolates.[13](#myc13034-bib-0013){ref-type="ref"}, [14](#myc13034-bib-0014){ref-type="ref"} The clinical use of 1% LCZ cream, solution and ointment in Japan has demonstrated its therapeutic usefulness in the treatment of various dermatomycoses including tinea pedis, tinea corporis and cutaneous candidiasis.[15](#myc13034-bib-0015){ref-type="ref"} Because tinea pedis is accompanied by inflammation at the infection site, an antifungal agent containing an anti‐inflammatory effect would be therapeutically valuable. Indeed, some antifungal agents reportedly have anti‐inflammatory effects.[16](#myc13034-bib-0016){ref-type="ref"}, [17](#myc13034-bib-0017){ref-type="ref"}, [18](#myc13034-bib-0018){ref-type="ref"} Although our previous study demonstrated that LCZ suppressed TPA‐induced irritant dermatitis in mice,[19](#myc13034-bib-0019){ref-type="ref"} the characteristic features of these anti‐inflammatory effects remain to be elucidated. We also found that LCZ inhibited the production of IL‐8, a neutrophil chemotactic factor, from epidermal keratinocytes.[19](#myc13034-bib-0019){ref-type="ref"} Therefore, to characterise the anti‐inflammatory effect of LCZ, we investigated whether LCZ affects the production of the neutrophil chemotactic factor and neutrophilic infiltration to the skin in TPA‐induced irritant dermatitis in mice and compared its inhibitory potency with that of other antifungal agents. Furthermore, elevated levels of interferon (IFN)‐γ mRNA expression and IFN‐γ‐positive cells in tinea pedis lesions suggest that a T helper cell type 1 (Th1)‐driven allergic contact dermatitis is provoked in tinea pedis.[6](#myc13034-bib-0006){ref-type="ref"}, [7](#myc13034-bib-0007){ref-type="ref"} Therefore, we also compared the inhibitory potency of LCZ on Th1‐type contact hypersensitivity induced by 2,4,6‐trinitrophenyl chloride (PC) with that of other antifungal agents in mice.

2. MATERIALS AND METHODS {#myc13034-sec-0007}
========================

2.1. Animals {#myc13034-sec-0008}
------------

Female BALB/c mice aged 7 weeks were purchased from Charles River Laboratories Japan, Inc. All of the animal experimental procedures were approved by the Ethics Committee for Animal Experiments of Maruho Co., Ltd. and conducted in accordance with the Guiding Principles for the Care and Use of Laboratory Animals at Maruho Co., Ltd.

2.2. Reagents {#myc13034-sec-0009}
-------------

LCZ was kindly provided by Nichino Service Co., Ltd. Liranaftate (LNF) was purchased from Santa Cruz Biotechnology, Inc. Terbinafine hydrochloride (TBF) and amorolfine hydrochloride (AMO) were purchased from Sigma‐Aldrich. Other reagents used were as follows: TPA (Sigma‐Aldrich); PC (Tokyo Chemical Industry Co., Ltd); mouse CXCL1/KC Quantikine^®^ enzyme‐linked immunosorbent assay (ELISA) kit, mouse CXCL2/MIP‐2 Quantikine^®^ ELISA kit and mouse IFN‐γ Quantikine^®^ ELISA kit (R&D Systems Inc); and Fluoro MPO™ Fluorescent Myeloperoxidase Detection Kit (Cell Technology).

2.3. TPA‐induced irritant dermatitis {#myc13034-sec-0010}
------------------------------------

TPA‐induced irritant dermatitis was induced in mice according to a previously described method.[19](#myc13034-bib-0019){ref-type="ref"} Briefly, 10 µL of 0.01% TPA (20 µL for ear) was applied to the inner and outer surfaces of the right ear of each mouse. Negative control mice received only acetone instead of TPA. Immediately after the TPA application, 20 µL of 0.3%, 1% or 3% LCZ; 1% LNF; 1% TBF; 1% AMO; or vehicle (acetone) was applied to the same ear. The ear thickness was measured 6 hours after the application of TPA using a dial thickness gauge (Series 547‐401 customised; Mitutoyo Corporation). Thereafter, 5‐mm‐diameter punch biopsies were obtained from the skin of the right ear to measure the myeloperoxidase (MPO) activity and inflammatory mediator contents, and 3‐mm‐diameter punch biopsies were obtained from the skin of the right ear, fixed with 10% neutral formalin and embedded in paraffin. Tissue sections were stained with haematoxylin and eosin for microscopic examination.

2.4. PC‐induced contact hypersensitivity {#myc13034-sec-0011}
----------------------------------------

The mice were sensitised and challenged with PC according to a previously described method.[19](#myc13034-bib-0019){ref-type="ref"} Sensitisation was performed by application of 100 µL of 3% PC to their shaved abdomen. Negative control mice received acetone instead of PC. Six days later, the skin of the mice was challenged to elicit a contact hypersensitivity response by the application of 10 µL of 1% PC to the inner and outer surfaces of the right ear. Next, 20 µL of 1% LCZ, 1% LNF, 1% TBF, 1% AMO or vehicle (acetone) was applied to the same ear. The ear thickness was measured 24 hours after the PC application using a dial thickness gauge (Mitutoyo Corporation). Punch biopsies of 5‐mm diameter were then obtained from the skin of the right ear to determine the IFN‐γ content.

2.5. Measurement of MPO activity and chemokine content in the skin {#myc13034-sec-0012}
------------------------------------------------------------------

The ear biopsy was homogenised in lysis buffer (phosphate‐buffered saline containing 0.1% Tween‐20 and protease inhibitor cocktail) and centrifuged for 10 minutes (10 000 *g*, 4ºC). The MPO activity and the KC, MIP‐2 and IFN‐γ contents in the supernatants were measured according to the manufacturer\'s instructions.

2.6. Statistical analysis {#myc13034-sec-0013}
-------------------------

Data are expressed as mean ± standard error of the mean. A significant difference between two groups was evaluated by Student\'s *t* test or the Aspin‐Welch *t* test following the *F*‐test. Dunnett\'s multiple‐comparison test was used to analyse differences among three or more groups. A *P* value of \<.05 was considered statistically significant.

3. RESULTS {#myc13034-sec-0014}
==========

3.1. Anti‐inflammatory effect of LCZ on TPA‐induced irritant dermatitis in mice {#myc13034-sec-0015}
-------------------------------------------------------------------------------

We first assessed the anti‐inflammatory effect of LCZ on the TPA‐induced irritant dermatitis in mice. As shown in Figure [1](#myc13034-fig-0001){ref-type="fig"}, topical application of TPA to the mouse ear resulted in an increase in the ear thickness. LCZ dose‐dependently reduced the TPA‐induced increase in ear thickness, and the inhibitory effect of LCZ at concentrations of 1% and 3% was significantly stronger than that of vehicle (Figure [1](#myc13034-fig-0001){ref-type="fig"}A,B). Additionally, histological examination showed TPA‐induced oedema and infiltration of inflammatory cells such as neutrophils and lymphocytes in the dermis with suppression of these phenomena in the LCZ treatment group (Figure [1](#myc13034-fig-0001){ref-type="fig"}C).

![Inhibitory effect of LCZ on ear swelling induced by topical application of TPA in mice. TPA (0.01%, 20 µL) was topically applied to both sides of the right ear. LCZ (0.3%, 1% or 3%) or vehicle (acetone) was topically applied (20 µL/ear) immediately after the treatment with TPA. Negative control mice received acetone instead of TPA. (A) The ear thickness was measured 6 h after the treatment with TPA. Each column represents the mean ± standard error of the mean (n = 6). \*\**P* \< .01 compared with TPA alone (Dunnett\'s multiple‐comparison test, two‐sided); ^††^ *P* \< .01 compared with TPA (−) (Aspin--Welch *t* test, two‐sided). (B,C) Representative appearance and histological photographs of the ear 6 h after topical application of TPA in mice. Bars = 50 µm. LCZ: lanoconazole and TPA: 12‐*O*‐tetradecanoylphorbol‐13‐acetate](MYC-63-189-g001){#myc13034-fig-0001}

Next, we assessed MPO activity in the TPA‐applied ear as the index of neutrophil infiltration. We found that topical application of TPA induced an increase in MPO activity in the ear skin and that LCZ dose‐dependently suppressed the increase in MPO activity (Figure [2](#myc13034-fig-0002){ref-type="fig"}A). Furthermore, we investigated the changes in the KC and MIP‐2 contents in the TPA‐induced irritant dermatitis because mouse KC and MIP‐2 are reportedly the functional analogues of human IL‐8 (a neutrophil chemotactic factor).[20](#myc13034-bib-0020){ref-type="ref"}, [21](#myc13034-bib-0021){ref-type="ref"}, [22](#myc13034-bib-0022){ref-type="ref"} As shown in Figure [2](#myc13034-fig-0002){ref-type="fig"}B and [2](#myc13034-fig-0002){ref-type="fig"}C, the TPA application resulted in an increase in the KC and MIP‐2 protein levels in the ear skin and LCZ significantly reduced both the KC and MIP‐2 levels in a dose‐dependent manner.

![Inhibitory effect of LCZ on TPA‐induced increase in KC content, MIP‐2 content and MPO activity in the ears of mice. A 5‐mm‐diameter punch biopsy was obtained from the right ear 6 h after the treatment with acetone or TPA. (A) MPO activity in the ear biopsy was measured by fluorescence. (B, C) KC and MIP‐2 contents in the ear biopsies were measured by enzyme‐linked immunosorbent assay. Each column represents the mean ± standard error of the mean (n = 6). \*\**P* \< .01 compared with TPA alone (Dunnett\'s multiple‐comparison test, two‐sided); ^\#\#^ *P* \< .01 compared with TPA (−) (Student\'s *t* test or Aspin‐Welch *t* test, two‐sided). LCZ: lanoconazole, TPA: 12‐*O*‐tetradecanoylphorbol‐13‐acetate, KC: keratinocyte‐derived chemokine, MIP‐2: macrophage inflammatory protein‐2 and MPO: myeloperoxidase](MYC-63-189-g002){#myc13034-fig-0002}

We then compared the anti‐inflammatory effect of LCZ with that of various antifungal agents in the TPA‐induced irritant dermatitis model. As shown in Figure [3](#myc13034-fig-0003){ref-type="fig"}A, treatment with LCZ or TBF significantly inhibited the increase in ear thickness induced by TPA. However, treatment with LNF or AMO showed no inhibition of the increase in ear thickness. The increase in MPO activity induced by TPA was also suppressed by treatment with LCZ or TBF, and treatment with LNF or AMO showed no inhibition of them (Figure [3](#myc13034-fig-0003){ref-type="fig"}B). Furthermore, the increase in the KC and MIP‐2 contents in TPA‐treated ear tissue was significantly inhibited by all antifungal agents tested, and the inhibitory effects of LCZ and TBF were stronger than those of the other agents (Figure [3](#myc13034-fig-0003){ref-type="fig"}C,D). We then analysed the relationship between ear thickness and each anti‐inflammatory index (MPO activity, KC content and MIP‐2 content). A significantly positive correlation with each of these anti‐inflammatory indexes was found (*r* = .74, .63 and .56, respectively).

![Effect of antifungal agents on ear swelling of TPA‐induced irritant dermatitis in mice. Each antifungal agent (1%) or vehicle (acetone) was topically administered (20 µL/ear) immediately after TPA application. (A) The ear thickness was measured 6 h after the application of acetone or TPA. (B--D) MPO activity, KC content and MIP‐2 content in the 5‐mm‐diameter punch biopsy obtained 6 h after TPA application were measured by fluorescence and enzyme‐linked immunosorbent assay, respectively. Each column represents the mean ± standard error of the mean (n = 6). \*\**P* \< .01 compared with TPA alone (Aspin‐Welch *t* test or Student\'s *t* test, two‐sided); ^††^ *P* \< .01 compared with TPA (−) (Aspin‐Welch*t* test, two‐sided). (E--G) The relationships between the ear thickness and MPO activity, KC content and MIP‐2 content were analysed. Closed circle: LCZ, open square: LNF, open diamond: TBF and open triangle: AMO. AMO, amorolfine; KC, keratinocyte‐derived chemokine; LCZ, lanoconazole; LNF, liranaftate; MIP‐2, macrophage inflammatory protein‐2; MPO, myeloperoxidase; TBF, terbinafine; TPA, 12‐*O*‐tetradecanoylphorbol‐13‐acetate](MYC-63-189-g003){#myc13034-fig-0003}

3.2. Anti‐inflammatory effect of LCZ on PC‐induced contact dermatitis in mice {#myc13034-sec-0016}
-----------------------------------------------------------------------------

We examined the effects of various antifungal agents on PC‐induced contact dermatitis in mice. PC challenge induced a significantly greater increase in ear thickness in sensitised than non‐sensitised mice. Among the various antifungal agents, LCZ significantly inhibited the increase in ear thickness induced by PC (Figure [4](#myc13034-fig-0004){ref-type="fig"}A) as previously reported, whereas LNF, TBF and AMO did not suppress the increase in ear thickness induced by PC. Moreover, LCZ markedly inhibited the increase in IFN‐γ content in the ear of the sensitised mice, and the other antifungal agents (LNF, TBF and AMO) showed a tendency to decrease the IFN‐γ content (Figure [4](#myc13034-fig-0004){ref-type="fig"}B).

![Inhibitory effects of topical antifungal agents on ear swelling of PC‐induced contact dermatitis in mice. Mice were sensitised by topical application of PC (3%, 100 µL) to the shaved abdominal skin. Negative control mice received acetone instead of PC. Six days later, PC (1%, 20 µL) was topically applied to both sides of the right ear. An antifungal agent solution (1%, 20 µL) or vehicle (acetone) was applied immediately after the challenge. (A) The ear thickness was measured using a thickness gauge 24 h after the challenge. (B) Punch biopsies (5‐mm diameter) were obtained after measuring the ear thickness, and the IFN‐γ content in the ear biopsy was measured by enzyme‐linked immunosorbent assay. Each column represents the mean ± standard error of the mean (n = 5). \*\**P* \< .01 compared with PC alone (Student\'s *t* test, two‐sided); ^\#^ *P* \< .05, ^\#\#^ *P* \< .01 compared with non‐sensitisation (Student\'s *t* test, two‐sided). AMO, amorolfine; IFN, interferon; LCZ, lanoconazole; LNF, liranaftate; ND, not detected; PC, 2,4,6‐trinitrophenyl chloride; TBF, terbinafine](MYC-63-189-g004){#myc13034-fig-0004}

4. DISCUSSION {#myc13034-sec-0017}
=============

In this study, LCZ significantly inhibited ear swelling associated with TPA‐induced irritant dermatitis in mice at concentrations of more than 1%, and LCZ dose‐dependently and remarkably suppressed the increases in the MPO activity, KC content and MIP‐2 content in TPA‐induced irritant dermatitis. Furthermore, these inhibitory effects of LCZ on TPA‐induced dermatitis were stronger than those of the other antifungal agents. In addition, LCZ exhibited robust inhibition of PC‐induced allergic contact dermatitis in mice compared with the other antifungal agents.

IL‐8 is a representative neutrophil chemotactic factor in humans,[23](#myc13034-bib-0023){ref-type="ref"} and KC and MIP‐2 are thought to be homologues of human IL‐8 from a functional aspect.[20](#myc13034-bib-0020){ref-type="ref"}, [21](#myc13034-bib-0021){ref-type="ref"}, [22](#myc13034-bib-0022){ref-type="ref"} Actually, KC and MIP‐2 have been shown to be associated with neutrophil migration in various types of inflammatory reactions.[24](#myc13034-bib-0024){ref-type="ref"}, [25](#myc13034-bib-0025){ref-type="ref"}, [26](#myc13034-bib-0026){ref-type="ref"}, [27](#myc13034-bib-0027){ref-type="ref"}, [28](#myc13034-bib-0028){ref-type="ref"} Moreover, migration of neutrophils to the skin is significantly reduced by deficiency of CXCR2, which is a receptor of KC and MIP‐2, or by neutralising antibodies against KC and MIP‐2.[29](#myc13034-bib-0029){ref-type="ref"} These observations suggest that suppression of the production of KC and MIP‐2 by LCZ results in decreased neutrophil migration in TPA‐induced dermatitis. Although the mechanisms by which LCZ inhibits KC and MIP‐2 production remain unknown, the imidazole antifungal agent sertaconazole reportedly inhibits both IL‐8 secretion from human epidermal keratinocytes and ear swelling in TPA‐induced irritant dermatitis in mice by elevating the levels of prostaglandin E~2~ (PGE~2~) via cyclooxygenase‐2 activation, which is mediated by activation of p38 MAPK.[17](#myc13034-bib-0017){ref-type="ref"} Furthermore, the activation of NF‐κB plays an important role in neutrophil infiltration in mouse skin with TPA‐induced dermatitis, and the expression of KC and MIP‐2 is reduced by inhibiting the activation of NF‐κB.[30](#myc13034-bib-0030){ref-type="ref"} Ketoconazole, another imidazole antifungal agent, also reportedly inhibits the increase in NF‐κB activity in human epidermal keratinocytes stimulated by tumour necrosis factor‐α, and its inhibitory effect is dependent on PGE~2~ production by keratinocytes.[31](#myc13034-bib-0031){ref-type="ref"} Therefore, based on these reports of the anti‐inflammatory effects of sertaconazole and ketoconazole, LCZ may also inhibit the production of KC and MIP‐2 by inhibiting the activation of NF‐κB via activation of a p38--cyclooxygenase‐2‐PGE~2~ pathway.

In the present study, we compared the anti‐inflammatory effects of LCZ with those of other antifungal agents, including LNF, TBF and AMO, on TPA‐induced dermatitis in mice. LCZ, LNF, TBF and AMO differ based on the presence of imidazole, thiocarbamic acid, arylamine and morpholine as a basic structure, respectively. As shown in Figure [3](#myc13034-fig-0003){ref-type="fig"}, these antifungal agents had different inhibitory effects on ear swelling, MPO activity, and KC and MIP‐2 contents in mouse TPA‐induced dermatitis. We then analysed the relationship between ear swelling and the increase in MPO activity, KC content or MIP‐2 content for each of these antifungal agents to elucidate why the inhibitory effect of LCZ was stronger than that of the other antifungal agents. As expected, we found a significantly positive correlation between the ear thickness and chemokine content or MPO activity, and the correlation coefficient between ear thickness and MPO activity, KC content and MIP‐2 content was 0.74, 0.63 and 0.56, respectively (Figure [3](#myc13034-fig-0003){ref-type="fig"}E--G). As previously mentioned, mouse KC and MIP‐2 are the functional analogues of human IL‐8, which is a neutrophil chemotactic factor. LCZ exhibited stronger inhibition of both the increase in KC and MIP‐2 content and MPO activity in the ear skin of mouse TPA‐induced dermatitis than did the other antifungal agents. These findings strongly suggest that LCZ suppresses TPA‐induced irritant dermatitis by inhibiting the production of neutrophil chemotactic factors such as KC or MIP‐2 and the subsequent infiltration of activated neutrophils into the skin.

Furthermore, this study demonstrated the inhibitory effect of LCZ on PC‐induced contact dermatitis in mice as previously reported.[19](#myc13034-bib-0019){ref-type="ref"} We also found that LCZ reduced the increase in IFN‐γ content in the ear tissue of this dermatitis model. PC‐induced contact dermatitis is thought to be a Th1‐driven immune response, and IFN‐γ produced from T cells is considered to play an important role in the development of dermatitis.[32](#myc13034-bib-0032){ref-type="ref"} In addition, we previously reported that LCZ inhibited IFN‐γ production by human peripheral blood mononuclear cells in vitro.[19](#myc13034-bib-0019){ref-type="ref"} These observations suggest that LCZ suppresses PC‐induced contact dermatitis in mice by inhibiting IFN‐γ production from T cells that have infiltrated the skin. Furthermore, whether LCZ can inhibit skin inflammation induced by dermatophytes as well as PC should be examined to further clarify contribution of anti‐inflammatory effect of LCZ to relief of the dermatitis symptoms in patients with tinea pedis, and then in vivo examination using dermatophyte‐induced skin inflammation in mice will need to be done in the next study.

We also compared the effects of LCZ versus other antifungal agents on PC‐induced allergic contact dermatitis in mice. Only LCZ showed inhibitory effects in this dermatitis model, which differs from the results in the TPA‐induced dermatitis model. Although the reason for the discrepancy in the effects of other antifungal agents between the two dermatitis models is not clear, the differences in factors involved in the dermatitis model may affect the results.

In conclusion, the present study demonstrated that LCZ suppressed TPA‐induced irritant dermatitis in mice by inhibiting the production of neutrophil chemotactic factors such as KC and MIP‐2 and neutrophil infiltration at the site of inflammation. Additionally, LCZ inhibited both ear swelling and IFN‐γ production in the ear skin with PC‐induced contact dermatitis in mice, and the anti‐inflammatory effects of LCZ, an imidazole antifungal agent, on these dermatitis models were stronger than those of other types of antifungal agents. These findings suggest that the anti‐inflammatory effects of LCZ may contribute to relief of the dermatitis symptoms in patients with tinea pedis.
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